In recent years, studies on cell regeneration in the adult mammalian central nervous system have brought about the possibility of new strategies for treating neurological disorders. Many researchers have examined molecular/cellularbased approaches in vitro, while little has been determined about the modulatory processes affecting cellular proliferation and differentiation in vivo. We report here a new strategy to investigate cellular proliferation, differentiation, and regeneration using an experimental animal model for functional activation of the cerebral cortex in rats. The unilateral cerebral cortex was extensively activated by induction of cortical spreading depression (SD), characterized as propagation of neuronal/glial membrane depolarization. Cellular proliferation in the animals was assessed using histochemical studies with BrdU, an analog of thymidine. SD resulted in a dramatic increase in BrdU-labeled cells in the cortical hemisphere that had undergone the SD, depending on the number of elicited SD events. Immunohistochemical studies revealed that 53% of the BrdUlabeled cells in the SD-generated cortex were immunopositive for NG2, a maker of oligodendrocyte progenitor cells, while 25% were immunopositive for OX-42, a maker of microglia, at 3 days after SD. These studies indicate that neural activation induces cellular proliferation in the cerebral cortex, and that the cells subsequently differentiate into glial progenitors or microglia within 3 days.
I. Introduction
Proliferative activity in glial cells and some neuronal cells is thought to maintain the structure and function of the central nervous system throughout our lifetime. In adult mammals, replacement of neurons by newly-generated ones occurs only in limited brain regions such as the dentate gyrus of the hippocampus and the olfactory bulb, under physiological conditions, while almost all glial cells maintain their ability to proliferate and turnover for hundreds of days [13] . The ability to manipulate proliferation activity for treatment of neurological disorders, including neurodegenerative diseases and trauma, would be an important development. Recently, many techniques for isolating neural stem cells or progenitor cells and/or for promoting cellular differentiation in vitro have been developed [9, 21, 24, 25] . However, whether proliferation activity is modulated by functions of the brain in vivo remains unclear [2, 4] . Recently, we studied the direct modulatory effect of neural activity (i.e. depolarizing stimulation) on cellular proliferation and differentiation of glial progenitor cells in the cerebral cortex of adult rats [26] . We employed cortical spreading depression (SD) as the unified depolarizing stimulation; SD is characterized as spreading of membrane depolarization of neuronal/glial cells throughout the cerebral cortex in a given brain hemisphere [12, 20, 23] . SD has been implicated in the pathophysiological states of various neurological disorders such as migraine aura, epilepsy, cerebral ischemia and trauma
Correspondence to: Yosky Kataoka, Department of Anatomy and Cell Science, Kansai Medical University, 10-15 Fumizono-cho, Moriguchi City, Osaka 570-8506, Japan. E-mail: kataokay@takii.kmu.ac.jp [10] . However, SD alone does not induce any cellular degeneration [23] . Thus, an experimental animal model of cortical SD allows studies on the functional activation of an extensive area in the cerebral cortex. In the present animal model, we assessed the proliferation activity in cortical cells by observing incorporation of BrdU (5-bromo-2-deoxyuridine, an analog of thymidine) into the cell nuclei, and immunohistochemically identified their cellular characteristics.
II. Generation of Cortical Spreading Depression
SD is due to a self-propagating front of depolarization that begins at a focused region in the brain and subsequently spreads in all directions at a rate of approximately 3 mm/min [12, 20, 23] . It is identified by a transient negative shift in direct current (DC) potential accompanied by regional synchronous elevation of cerebral blood flow (CBF) [8, 11] . We induced SD in the unilateral cortical hemisphere in anesthetized rats using a photo-dynamic tissue oxidation technique, as shown in Figure 1 [5] . Male Wistar rats were maintained in a temperature-and humidity-controlled animal facility with a 12 hr light/dark cycle. Every animal experiment was performed in accordance with the principles of laboratory animal care (NIH publication No. 85-23, revised 1985). Following anesthetization with a mixture of 1.0% halothane and air and maintenance of body temperature at 37°C, a small burr hole was drilled in the skull above the unilateral parietal cortex (1.5 mm posterior and 2.0 mm lateral to the bregma), and then rose bengal (30 mM, 0.4 ml), a photosensitizing dye, was injected via a glass micropipette into the parietal cortex (1.0 mm ventral to the cortical surface) in a dark room (Fig.  1A) . Two hours after the rose bengal injection, SD was induced by photo-oxidation of the dye-injected tissue by photo-irradiation for 10 min through the dura mater [17] using a metal halide lamp with a 540-580 nm band-pass filter with an irradiation density at the brain surface of 380 mW/cm 2 (Fig. 1B) .
DC potential and/or CBF were continuously recorded at cortical regions far from the photo-oxidized area. The DC potential was recorded using a glass microelectrode filled with 2 M NaCl (1-2 MW), and CBF was recorded using laser Doppler flowmetry. Several minutes after onset of photoirradiation to the dye-injected area, transient negative shifts in DC potential synchronously accompanied by hyperperfusions of CBF occurred repeatedly in the ipsilateral hemisphere (Fig. 1C) . In order to confirm that the series of local hyperperfusions of CBF spread from the site of photooxidation in the hemisphere, we placed two laser Doppler flowmetry probes at different distances from the site of photo-oxidation, and observed the interval between the peaks of CBF hyperperfusions at these two recording points. The study revealed that CBF hyperperfusions origi- nated in the photo-oxidation site and spread at a speed of around 3 mm/min [5] . SD did not spread across the midline of the brain into the contralateral hemisphere.
In the SD-stimulated cerebral cortex, immunohistochemical analysis revealed numerous neurons containing c-Fos, as previously reported [14, 26] . The brain sections (30-mm thickness) obtained from animals 2 hr after induction of SD were incubated with anti-rat c-Fos antibody followed by incubation with a secondary antibody. Immunohistochemical detection was performed using the avidinbiotin-peroxidase complex method and 3,3'-diaminobenzidine (DAB) in the presence of 0.006% hydrogen peroxide was used to visualize any bound peroxidase. This immunohistochemical study revealed that almost all the neurons in the cerebral cortex which underwent SD were immunopositive for c-Fos, at 2 hr after induction of SD [26] . However, in the contralateral cortex, only a small number of neurons showed immunoreactivity, as observed in the nontreated animals. These observations indicate propagation of neuronal membrane depolarization accompanied by Ca 2+ entry throughout the cortical hemisphere in SD.
Hematoxylin and eosin staining or Nissl's staining showed no necrotic changes or degeneration in cortical cells after SD induction, as previously reported [23] . TUNEL staining also revealed that SD did not induce apoptotic cell death. These observations indicate that SD brings about functional stimulation of cortical cells without triggering cell death.
III. Cellular Proliferation in the SD-induced Brain
Cellular proliferation was examined by histochemical detection of BrdU incorporated into cell nuclei. Eight hours after induction of SD, BrdU was injected intraperitoneally every 8 hr for 3 days. Coronal brain sections (30-mm thickness) were treated to denature the DNA before incubation with monoclonal anti-BrdU antibody. BrdU incorporated into cell nuclei was visualized by the avidin-biotin-peroxidase complex method with the DAB reaction.
The number of BrdU-incorporated cell-nuclei was dramatically higher in the laminar layers within the whole cortical hemisphere that underwent SD (Fig. 2) . The number in the SD-induced side was 2-20 times that in the contralateral side. Approximately 85% of the BrdU-incorporated nuclei were present in couples (e.g., "twin cells"), indicating cell division was taking place (Figs. 2, 4) . Furthermore, immunohistochemical analysis for Ki-67, a cell cycle marker produced in the G1, S, G2, and M phases, showed that many cortical cells began to proliferate following SD. Thus, BrdU incorporation in numerous cortical cells after SD indicates cellular proliferation but not DNA repairing. In 5 animals, we estimated the number of elicited SD by recording CBF hyperperfusion events, and counted BrdU-positive cellnuclei in a rectangular area (0.75 mm by 1.00 mm, 2.0 mm posterior to the bregma) including cortical layer I in the agranular insular cortex of the brain sections [26] . Vascular cells, including endothelial and perivascular cells, which were defined as cells having crescent or narrow nuclei located along the wall of the blood vessels and were immunopositive for the marker antigen (RECA-1), were omitted from 
IV. Cellular Differentiation Following SD
To investigate the effect of SD on cellular differentiation, BrdU-labeled cells were immunohistochemically assessed for cell-differentiation marker proteins, including NG2, nestin, GST-p, GFAP, OX-42, and NeuN, as previously described [26] , and brain sections were examined using confocal laser microscopy (LSM 510-ver. 2.8; Carl Zeiss, Oberkochen, Germany) or fluorescence microscopy (Eclipse E600; Nikon, Tokyo, Japan) (Fig. 4) . These studies revealed that 52.9±4.1% (mean±S.D., n=3 animals) of the BrdU-incorporated cells in the SD-induced cortex were immunopositive for NG2 (a maker for oligodendrocyte progenitor cells), and 24.6±4.7% were immunopositive for OX42 (a maker for microglia). A small number of BrdUpositive cells (<5%) contained nestin in the ipsilateral cortex. In the cortex contralateral to the SD-induced side, 82.0% of the BrdU-incorporated cells were immunopositive for NG2, although the absolute number of BrdU-incorporated cells was small. None of the BrdU-positive cells were immunopositive for OX-42 or nestin in the contralateral cortex.
Neither hemisphere possessed cells immunopositive for GST-p, GFAP, or NeuN of the BrdU-incorporated cells, indicating newly-generated cells had not differentiated into mature oligodendrocytes, astrocytes, or neurons, within 3 days after induction of SD (Fig. 4) . TUNEL staining showed very little apoptotic cells in either the SD-induced cortex or the contralateral cortex.
V. Discussion
We demonstrated that cortical SD facilitates the proliferative activity of cells in the cerebral cortex of adult rats in direct proportion to the number of elicited SD events (Figs.  2, 3) , indicating that neural excitation stimulates proliferation of cortical cells. In this study, about 53% and 25% of the proliferating cortical cells contained NG2 and OX-42, respectively, in the SD-induced cortical hemisphere within 3 days after stimulation (Fig. 4) . Nestin-immunoreactivity was also found in a small number of the proliferating cells in the ipsilateral cortex. In the contralateral cortex, 82% of the cells contained NG2, which is consistent with the percentage observed in non-treated animals [6] . The difference in the percentages of NG2-, OX-42-, and nestin-immunopositive cells between the SD-induced cortical hemisphere and the contralateral side suggests that neural activity can influence proliferation and differentiation.
OX-42-immunopositive microglial cells have been reported to increase in response to SD [3] . The report indicated that the increase in the cells was partially attenuated by application of a glucocorticoid, a lipoxygenase inhibitor, or an NO donor. The present findings on facilitated proliferative activity of OX-42-immunopositive cells following SD support this report; however, the precise molecular mechanisms involved in the induction of proliferation remain to be determined.
Although NG2 is known as a maker protein of oligodendrocyte progenitor cells, some NG2-positive cells have the ability to differentiate into cells other than oligodendrocytes. For instance, in previous studies in vitro, NG2-positive cells differentiated into GFAP-positive astrocytes or NeuN-positive neurons as well as oligodendrocytes [1] . Further studies are necessary for understanding the effect of neural activity on differentiation and the destiny of newlygenerated cells. In both cortical hemispheres, around 20% of the proliferating cells did not display any immunoreactivity on progenitor or differentiating cells (NG2, nestin, GST-p, GFAP, OX-42, and NeuN). More precise studies on identification of stages in the cell cycle or differentiation should be performed in the future.
The cellular proliferation observed here is thought to be induced by several cytokines or growth factors, as SD is known to induce production of basic fibroblast growth factor [22] , tissue plasminogen activator [16] , brain-derived neurotrophic factor [7, 16, 22] , interleukin 1b, tumor necrosis factor-a [15] , and prostaglandins [18] . The substances mediating neural activity and cellular proliferation in the present animal model remain to be identified. As well as in the brain parenchyma, a part of the substances, at least, likely reached the leptomeningeal cells by the cerebrospinal fluid, since the number of proliferating leptomeningeal cells in the SD-induced side was 3 times that on the contralateral side (data not shown). Furthermore, in an animal model of ischemic neuronal death in the hippocampus, remote action by such substances on the leptomeninges was observed [19] . Taken together, the present study using adult rats suggests that neural activation facilitates a proliferative response by cortical cells and maintains reorganization of the tissue throughout life. SD, in particular, induces considerable facilitation of proliferative activity by potent excitation of cells in extensive brain regions, and has been observed in various disorders in the central nervous system. SD may be a pathophysiological system preserved throughout biological evolution in order to facilitate reorganization or regeneration of injured nervous tissue.
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